Hyperthermic cell stress activates a highly conserved program of rapid alterations in normal cellular metabolism to optimize synthesis of a limited, specific set of proteins known as heat shock proteins (HSPs). In most cells the predominant HSPs induced are approximately 25, 70, 90, and 110 kDa (13, 15, 19, 26, 31, 33) . Among these proteins, the 70-kDa protein (HSP70) is the most highly induced and conserved in all organisms from Escherichia coli to humans (22) . The evolutionarily conserved members of the HSP70 family prevent the disruption of normal cellular processes that involve mitosis, meiosis, or differentiation by environmental stressors (30, 45) . The decay of HSP levels following heat shock correlates with loss of thermotolerance, suggesting that HSPs play a critical role in the recovery process (26, 29) . Stable expression of human HSP70 in rodent cells confers thermotolerance (28) , and blocking HSP70 function by microinjection of antibodies results in thermosensitivity (43) .
Members of the HSP70 family play essential roles in preventing misfolding and aggregation of newly synthesized or unfolded proteins (4, 5, 13, 16) . HSP70 holds unfolded substrates in an intermediately folded state to prevent irreversible aggregation and catalyzes the refolding of unfolded substrates in an energy-and cochaperone-dependent reaction. HSP70s interact with cochaperones through the N-terminal ATPase domain and with substrates at the C-terminal substrate domains. Coordinated binding and release of substrates by these molecular chaperones are strictly dependent on their ATPase activity. Several studies have suggested a role for HSPs during development; however, only limited information is available about whether inactivation of such genes could influence genomic stability. It has been shown that HSP70 binds to human apurinic/apyrimidinic endonuclease and enhances the specific endonuclease activity of HAP1, supporting the idea that HSP70s have a role in the repair of DNA damage (24) . Whether inactivation of HSP70 influences genomic stability and DNA repair after heat and ionizing radiation (IR) treatment is not known.
Hsp70.1 and Hsp70.3 are the only HSPs that are heat induced in mice (15, 19, 20) . The genes for these two proteins are identical, and their functions are thought to be redundant. HSP70 is known to interact with telomerase (10) ; however, it is not known whether the inhibition of the Hsp70.1 and Hsp70.3 (Hsp70.1/3) genes would influence genomic stability and heatinduced radiosensitization. Because of this redundancy, it was important to inactivate both genes and then determine whether Hsp70.1 and Hsp70.3 influence genomic stability and heat-induced radiosensitization. To this end we generated mice in which both Hsp70.1 and Hsp70.3 have been knocked out, allowing us to then establish cell lines from Hsp70.1/3 Ϫ/Ϫ mice. We report here the influence of inactivation of both Hsp70.1 and Hsp70.3 on spontaneous chromosome damage, telomerase activity, telomere stability, IR-and heat-modulated IR-induced cell killing, chromosome repair, and oncogenic transformation. Furthermore, transfection of the Hsp70.1 gene into Hsp70. 1/3 Ϫ/Ϫ cells rescued the enhanced heat-and IRinduced cell death, as well as radioresistant DNA synthesis, confirming that Hsp70.1/3 play a critical role in genomic stability and heat-induced radiosensitization. 85-23, revised 1996) . Prior mapping and sequence studies indicated that the mouse Hsp70.1 and Hsp70.3 genes were both located on chromosome 17 and separated by 11 kb of noncoding genomic DNA (21) ; therefore, a gene-targeting vector was constructed from 129/SvJ mouse DNA that would simultaneously inactivate both Hsp70.1 and Hsp70.3 after homologous recombination (Fig. 1A) . The construct was electroporated into AB2.2 cells (Lexicon Genetics), and 504 G418-resistant clones were recovered. One of the clones that had undergone homologous recombination was successfully converted into a fertile germ-transmitting line by blastocyte injection. Characterization of the resulting mouse (127.1) by PCR (data not shown) indicated that it contained the targeted Hsp70.1/3 derived from targeting vector, and Southern blot analysis confirmed the heterozygous genotype Hsp70.1/3 ϩ/Ϫ (Fig. 1B) . Southern blot analysis yielded an approximately 11-kb hybridizing fragment corresponding to the endogenous Hsp70.1/3 region, whereas the disrupted allele was seen at a 5.2-kb hybridizing band. Initial characterization of homozygous offspring indicated that they were fertile with no obvious phenotype.
MATERIALS AND METHODS

Targeted deletion of
Primary cell culture, establishment of cell lines, and growth assays. Mouse embryonic fibroblasts (MEFs) were isolated from E13.5 embryos by standard procedures (18) . Cells were maintained in Dulbecco modified Eagle medium with 10% fetal bovine serum and frozen at different passages for storage. Continuous passage was utilized to select spontaneously immortalized clones from both Hsp70.1/3-null and wild-type MEFs. These clones have telomerase activity and passed the population doubling number of 100. Stable Hsp70.1/3 Ϫ/Ϫ cell lines were obtained by transfection with pMHsp70.1 followed by hygromycin selection, and Hsp70.1 expression in the transfected Hsp70.1/3 Ϫ/Ϫ cells was established by Northern as well as Western analyses.
For growth assays, MEFs were plated in 35-mm-diameter tissue culture dishes and four dishes were counted on the indicated days. Four different passages (1, 3, 7, and 13) were utilized in order to determine the effect of passage number on growth rates. To determine plating efficiency, we seeded MEFs at various densities and fixed and stained colonies after 15 days in culture.
Clonogenic survival assays. For survival assays, cells in plateau-phase growth were plated as single cells into 60-mm-diameter dishes in 5 ml of medium, incubated for 6 h, and subsequently exposed to IR. The actual amounts of cells per dish were chosen to ensure that about 50 colonies would survive a particular heat and radiation dose treatment. Cells were exposed to IR in the dose range of 0 to 8 Gy at room temperature. To determine the influence of heat on IRinduced cell killing, cells were subjected to heat treatment at 43°C for 30 min and then exposed to IR. Cells were incubated for 12 or more days and then fixed in methanol-acetic acid (3:1), prior to being stained with crystal violet. Only colonies containing Ͼ50 cells were counted.
Analysis of micronuclei and ratio of normochromatic to polychromatic eryth- rocytes. Micronucleus formation and the ratio of normochromatic to polychromatic erythrocytes were determined by procedures described previously (36) . Briefly, bone marrow smears were prepared from the mice and the stained smears were examined to determine the incidence of micronucleated cells in 1,800 polychromatic erythrocytes as well as the ratio of normochromatic to polychromatic erythrocytes for each animal.
Metaphase preparations and detection of telomeres.
Metaphases from exponentially growing cells were prepared by a standard procedure (9) . Detection of telomeres on metaphase chromosomes was obtained by fluorescence in situ hybridization (FISH) with a telomere sequence-specific PNA probe (48) , and quantitation of telomeric signal was done as described previously (25) .
Telomerase assays. Telomerase activity was determined using the telomerase PCR enzyme-linked immunosorbent assay kit (Roche) as described previously (48) . Telomerase activity was determined in triplicate, and negative and positive controls were run with each experiment. An aliquot of each extract was heat inactivated for 10 min at 95°C as a negative control.
Meiotic chromosome preparations. Male mice were killed by cervical dislocation. Testicular cell suspensions for Giemsa staining were obtained by immersing dissected fragments of testis tubules for 30 min in 0.0375 M KCl solution at room temperature. The seminiferous tubules were then minced with forceps, and large tubular fragments were removed by sedimentation. The turbid supernatant was collected and centrifuged. The cell pellet was fixed in methanol-acetic acid (2:1). The suspension was then dropped on prechilled glass slides and air dried. Nuclear morphology as described earlier (40, 46) was used to identify spermatocytes at various stages of prophase.
Assay for chromosomal repair after IR treatment. G 1 -type chromosomal aberrations were assessed as described previously (37) . Briefly, cells in plateau phase were irradiated with 3 Gy, allowed to incubate for 18 h, and subcultured and metaphases were collected. Chromosome spreads were prepared by the procedure described previously (47) . The categories of G 1 -type asymmetrical chromosome aberrations scored included dicentrics, centric rings, interstitial deletions-acentric rings, and terminal deletions.
S-phase-specific chromosomal aberrations were analyzed at metaphase. Exponentially growing cells were treated with 2 Gy of gamma radiation, and mitotic cells were collected after 150 to 240 min postirradiation. Both chromosome and chromatid-type aberrations were scored. For G 2 -phase-specific chromosomal aberrations, cells in exponential phase were irradiated with 1 Gy of gamma radiation and metaphases were collected at 1 h following irradiation and examined for chromatid breaks and gaps per metaphase as described previously (9) . Fifty metaphases were scored for each postirradiation time point.
Radioresistant DNA synthesis. Asynchronously growing MEFs were treated with ionizing radiation. The rate of DNA synthesis was determined 1 h postirradiation by pulse-labeling with [ 3 H]thymidine for 30 min. The value of unirradiated control was set to 100% for each cell type. The means and standard deviations of the triplicate experimental points are shown.
Transformation assay. The transformation assay was performed as described previously (11, 38) . Exponentially growing subconfluent cells were trypsinized and plated 48 h prior to exposure to 1 Gy. Immediately after irradiation, the cells were trypsinized and replated into 10-cm-diameter culture dishes at cell numbers estimated to result in either 300 viable cells per dish for the assay of neoplastic transformation or 30 viable cells for the cell survival assay. For the assay of neoplastic transformation, cells were grown in Eagle's basal medium supplemented with 10% heat-inactivated fetal bovine serum and culture medium was changed at 12-day intervals during 6 to 8 weeks of incubation. Cells plated for cell survival determination were incubated as described above. At the end of 12 or 42 days of incubation, cells were fixed in formalin and stained with Giemsa stain. Cell survival was determined by the colony assay as described above, while neoplastically transformed foci II and III were identified according to the criteria of Reznikoff et al. (41, 42) .
RESULTS
Expression levels of Hsp70.1 and Hsp70.3 in different tissues of mice. The murine Hsp70 gene family contains two major genes induced by heat stress stimuli, Hsp70.1 and Hsp70.3 (20) . However, tissue-specific expression of Hsp70.1/3 can also occur constitutively, possibly in response to normal physiological stresses. Multitissue Northern blot analysis of constitutive Hsp70.1 and Hsp70.3 expression indicated that both genes were highly expressed in kidney and lung tissuetwo tissues where endogenous stress from osmotic or oxidative stress, respectively, might be present (Fig. 2) . The only major difference between Hsp70.1 and Hsp70.3 was found to be a lack of Hsp70.3 expression in liver tissue (Fig. 2) . Since the two genes are identical except for one amino acid difference (21) and have nearly identical expression in different tissues, Hsp70 functional studies require both genes to be inactivated.
Generation of Hsp70.1/3-null mice. Due to the proximity of the Hsp70.1 and Hsp70.3 genes and the lack of genes in the intervening region, a gene-targeting vector was designed to simultaneously inactivate both genes after homologous recombination ( Fig. 1) . Mating between Hsp70.1/3 heterozygotes yielded the expected frequency of wild-type, nullizygous, or knockout (KO) (Hsp70.1/3 Ϫ/Ϫ ) and heterozygous (Hsp70.1/ 3 ϩ/Ϫ ) offspring (data not shown), indicating that Hsp70.1 and Hsp70.3 are not required for normal mouse development. Mutant Hsp70.1/3 Ϫ/Ϫ mice grew to adulthood without any distinct differences from their wild-type littermates, except that Hsp70.1/3 Ϫ/Ϫ mice were on average 12% lighter than wild-type newborns, who were 1.23 Ϯ 0.017 g (standard error; n ϭ 64 determinations).
Lack of Hsp70.1 and Hsp70.3 mRNA or protein expression in Hsp70.1/3-null fibroblasts. To confirm the loss of Hsp70.1 and Hsp70.3 expression in the targeted mice, MEFs were prepared from KO and wild-type day 13.5 embryos and analyzed for Hsp70.1 and Hsp70.3 mRNA and protein synthesis before and after heat shock (Fig. 3) . Nonstressed wild-type MEF cells did not contain detectable levels of Hsp70 mRNA by Northern blot analysis but synthesized both Hsp70.1 and Hsp70.3 mRNA after heat shock (Fig. 3A) Ϫ/Ϫ cells is increased genomic instability. One way to determine the influence of inactivation of a gene(s) on spontaneous genomic stability in vivo is to determine the ratio of normochromatic to polychromatic erythrocytes and the frequency of micronuclei in erythrocytes.
Hsp70.1/3
Ϫ/Ϫ mice had both a higher ratio of normochromatic to polychromatic erythrocytes and a higher frequency of spontaneously formed micronuclei than did Hsp70.1/3 ϩ/ϩ wild-type mice (Table 1) . Since heat shock induces Hsp70.1 and Hsp70.3, we then determined whether heat treatment could influence the ratio of normochromatic to polychromatic erythrocytes and micronuclear formation. Age-matched Hsp70.1/3 Ϫ/Ϫ and Hsp70. 1/3 ϩ/ϩ control mice were treated with heat at 41°C for 30 min and allowed to recover at room temperature for 24 h before sacrifice. Heat treatment significantly increased the ratio of normochromatic to polychromatic erythrocytes in Hsp70.1/3-null mice and also increased the frequency of micronuclei, whereas there was no significant effect observed in wild-type Hsp70.1/3 ϩ/ϩ mice (Table 1) . These results suggest that Hsp70.1/3 plays a critical role in genomic stability.
Since Hsp70.1/3 Ϫ/Ϫ mice have a higher frequency of spontaneous and heat-induced micronucleus formation, we determined whether such genomic instability could be due to spontaneous chromosome aberrations. Chromosome aberrations were examined in the bone marrow cells from Hsp70.1/3 Ϫ/Ϫ and Hsp70.1/3 ϩ/ϩ mice. Chromosome damage (such as breaks, FIG. 4 . Effect of Hsp70.1/3 inactivation on cell growth. MEFs were seeded in plates, and cell counts were determined at regular intervals. Numbers of cells are plotted against days of growth in a semilog diagram. MEFs without Hsp70.1/3 (passages 3 and 7) exhibit slightly slower growth kinetics than do parental wild-type cells, and the differences in growth kinetics are significant (P Ͻ 0.05). Atm-null fibroblasts were used as a positive control to determine the growth abnormalities.
with heat and examined for mRNA expression. Lane 1, control RNA from unheated cells; lanes 2 to 5, cells subjected to heat shock and recovery for 1, 4, 8, and 24 h, respectively; lanes 6 to 9, cells subjected to heat shock, recovery for 24 h, heat treatment again for 30 min at 43°C, and no recovery or 1, 4, or 8 h of recovery, respectively. Note that the primary MEFs do not show detectable levels of Hsp70.1 and Hsp70.3 under nonstress conditions and that the heat shock induces both Hsp70.1 and Hsp70.3 mRNA. The induction of Hsp70.1 and Hsp70.3 is restored after a second heat shock treatment. (b) Mutant (Hsp70.1/3 Ϫ/Ϫ ) and control (Hsp70.1/3 ϩ/ϩ ) cells treated with heat and examined for mRNA expression. Lanes 1 to 7, Hsp70.1/3
Ϫ/Ϫ cells; lane 1, control RNA from unheated cells; lanes 2 to 5, cells subjected to heat shock and no recovery or 1, 4, or 24 h of recovery, respectively; lanes 6 and 7, cells subjected to heat treatment, recovery for 24 h, heat treatment again for 30 min at 43°C, and no recovery or 2 h of recovery, respectively; lanes 8 and 9, Hsp70.1/3 ϩ/ϩ cells subjected to heat shock with either no or 1 h of recovery, respectively. The induction of Hsp70.1 and Hsp70.3 is restored in Hsp70.1/3 ϩ/ϩ but not in Hsp70. Enhanced telomere instability in Hsp70.1/3-null MEFs after heat shock treatment. HSP70 has been found to be associated with the catalytic unit of telomerase (TERT) prior to its assembly with the RNA component of telomerase (TR); however, p23 and HSP90 are important for the assembly of telomerase activity in vitro as well as in vivo (10) . It is likely that HSP70 may be important for the stability of TERT prior to its assembly to remain functionally active. Barker et al. (1) reported a link between telomerase and Hsp70 expression, as they found that the autonomous cells constitutively expressed telomerase, whereas the nonautonomous cells expressed telomerase activity only transiently. Interestingly, Northern analysis of HSP70 indicated that, like telomerase, HSP70 gene expression was constitutive in autonomous cells and transient in nonautonomous cells (1) . These results suggest that TERT expression may partly be regulated by heat shock elements. Heat shock transcription-regulatory elements have been identified in the telomeric sequences in Chironomus thummi (31, 32) . Recent studies revealed that ectopic expression of TERT protein is associated with enhanced genome stability and DNA repair (47) . Therefore, it is possible that inactivation of Hsp70.1/3 may influence telomerase activity and telomere stability.
We, therefore, first compared telomerase activities in Hsp70. 1 Fig. 5B ). While no significant overall changes in signal intensities could be detected in cells with and without Hsp70.1/3, there was a slightly higher proportion of chromatid ends (about 10% of telomeres per metaphase), which had fewer telomere-specific fluorescent signals than did the parental cells (about 3% of telomeres per metaphase). Loss of telomeric signals has been linked with chromosome end-to-end associations.
To determine the influence of Hsp70.1/3 on the frequency of chromosome end-to-end associations, 200 metaphases were examined for each case and frequencies of abnormalities were established and compared to those for parental cells. Hsp70.1/ 3 Ϫ/Ϫ cells had about 0.55 chromosome end-to-end associations per metaphase whereas Hsp70.1/3 ϩ/ϩ cells displayed 0.16 chromosome end-to-end associations per metaphase. Since chromosome end-to-end associations may lead to anaphase bridge formation, the same cells were analyzed for anaphase bridges by omitting the Colcemid treatment. For each case, 300 cells at anaphase were examined for bridges. Hsp70.1/3 Ϫ/Ϫ cells displayed a 2.5-fold-higher frequency of anaphase bridges than did parental cells. Furthermore, we determined whether the chromosome end-to-end fusions observed in Hsp70.1/3 Ϫ/Ϫ cells were associated with losses of telomeric repeats at the fusion sites. Telomeric signals were seen at most of the fusion sites, indicating that total loss of telomeres is not required for the formation of chromosome end-to-end associations in these cells (Fig. 5B) . Chromosome end-to-end associations have been linked with chromosome aberrations. We examined cells for chromosome as well as chromatid aberrations. Again, Hsp70.1/3 Ϫ/Ϫ MEFs displayed a higher frequency of chromatid-as well as chromosome-type aberrations than did Hsp70.1/ 3 ϩ/ϩ cells.
Aberrant spermatocytes in Hsp70.1/3 KO mice. Results from in vivo as well as in vitro studies described above clearly demonstrate that inactivation of Hsp70.1/3 influences the genomic stability in somatic cells. We also determined whether inactivation of Hsp70.1/3 influences genomic stability in germ cells. Meiotic cell cycle progression in Hsp70.1/3 Ϫ/Ϫ and Hsp70.1/ (Table  3 ). These observations suggest that Hsp70.1/3 support progression of meiotic prophase 1 in spermatocytes of heat-shocked testis.
Depletion of Hsp70.1/3 affects heat-and IR-induced cell killing and chromosomal repair. The detected differences in doubling times and spontaneous chromosome damage suggest that Hsp70.1/3 will affect cell survival and the ability to repair DNA damage. To determine whether Hsp70.1/3 inactivation influences cell survival and/or chromosomal repair after exposure to heat and/or IR, in vitro assays for cell survival and metaphase chromosome analysis were carried out. Cell survival after treatment with IR was determined by colony formation as described previously (9) . Consistent with the differences in population doubling times, Hsp70.1/3 Ϫ/Ϫ cells exhibited enhanced cell killing by IR treatment compared to parental cells (Fig. 6A) . To determine whether heat treatment could influence IR-induced cell death, cells were first treated at 43°C for 30 min and then treated with graded doses of IR. Interestingly, heat again had a significant effect on IR-induced cell killing for Hsp70.1/3 Ϫ/Ϫ cells (Fig. 6A) , suggesting a critical role of Hsp70.1/3 in the heat-modulated IR-induced cell killing. To further test whether decreased cell survival after heat and IR treatment was due to the absence of Hsp70.1/3, mutant cells with and without ectopic expression of Hsp70.1 were examined. Ectopic expression of Hsp70.1 in Hsp70. 1/3 Ϫ/Ϫ cells rescued heat and IR sensitivity for cell killing (Fig. 6B) . Thus,
Ϫ/Ϫ cells display karyotypic instability and prolonged population doubling times as well as decreased cell survival after heat and/or IR treatment, cellular phenotypes that could be linked to defective chromosomal repair.
One way to address whether DNA repair is affected by inactivation of Hsp70.1/3 in these cells is to compare cell cycle stage-specific chromosomal aberrations in fibroblasts with and without Hsp70.1/3. Cell cycle phase-specific chromosome aberrations were ascertained based on the frequency of chromo- (9, 48) . First, we determined frequencies of chromosome aberrations induced by heat alone.
To determine G 1 -type chromosome damage, plateau-phase cells were treated with heat at 43°C for 30 min and then replated 18 h after heat treatment and aberrations were scored at metaphase as described previously (37) . Unlike the in vivo results (Table 1) , we did not see any major induction of chromosome aberrations in G 1 cells with or without Hsp70.1/3 (Fig.  7A) . We further determined whether heat treatment modified IR-induced G 1 -type chromosome aberrations. Cells were treated with heat at 43°C for 30 min and then immediately exposed to 3 Gy of IR. We found a slight increase in G 1 -type chromosome aberrations in cells treated with heat and IR over those for cells treated with IR alone (Fig. 7A) . Interestingly, Hsp70.1/3 Ϫ/Ϫ cells had relatively more G 1 -type chromosome aberrations than do Hsp70.1/3 ϩ/ϩ cells; however, such differences were not statistically significant. To determine whether heat treatment could affect repair in Hsp70. 1/3 Ϫ/Ϫ cells in phases of the cell cycle other than G 1 , S-phase-specific chromosome aberrations were examined. We first determined the time needed for S-phase cells to reach metaphase after IR treatment. Exponentially growing cells were labeled with bromodeoxyuridine (BrdU) for 30 min as described previously (48) . Anti-BrdU immunostaining was performed to determine when metaphase chromosomes contain BrdU. In these experiments, BrdU-labeled metaphases appeared approximately 150 min postirradiation (data not shown). Thus, cells with or without Hsp70.1/3 were treated with heat at 43°C for 30 min and metaphases were collected 150 to 240 min after treatment.
Ϫ/Ϫ cells, collected 3 h postheating, displayed lower mitotic indices and higher frequencies of chromatid and chromosomal aberrations than did parental cells (Fig. 7B) . However, when cells were heated at 43°C for 30 min followed by irradiation with 2 Gy, a significant increase in the chromosome aberrations in Hsp70.1/3 Ϫ/Ϫ cells was found (Fig. 7B ). These observations establish that inactivation of Hsp70.1/3 influences S-phase-specific chromosomal repair. However, when G 2 -phase-specific chromosome repair was evaluated (Materials and Methods) in cells with and without Hsp70.1/3, no major influence of heat was found on chromosome aberrations (Fig.  7C) , reinforcing the idea that heat specifically influences Sphase chromosome repair and that the Hsp70.1/3 Ϫ/Ϫ gene products might have a specific role in S phase of the cell cycle.
Radioresistant DNA synthesis in Hsp70.1/3 ؊/؊ cells. Since inactivation of Hsp70.1/3 increased S-phase-specific chromosomal aberrations, we were interested in whether inactivation of Hsp70.1/3 altered IR-induced inhibition of DNA synthesis. Interestingly Hsp70.1/3 Ϫ/Ϫ cells exhibited less inhibition of DNA synthesis than did Hsp70.1/3 ϩ/ϩ cells (Fig. 7D) . Radioresistant DNA synthesis was rescued in Hsp70. 1/3 Ϫ/Ϫ cells expressing Hsp70.1. These results suggest that Hsp70.1/3 have a critical role in S-phase repair of DNA damage and the IRinduced cell cycle checkpoint.
Enhanced oncogenic transformation in Hsp70.1/3 ؊/؊ cells. Defective DNA repair has been linked with oncogenic malignant transformation (11, 38, 48) . As described above, inactivation of the Hsp70.1/3 genes influences the population doubling time, spontaneous chromosomal aberration formation, telomere stability, IR response for cell survival, and repair of chromosomal damage. All of these cellular effects have been linked with the oncogenic transformation and metastatic potential of a cell. To determine whether the Hsp70.1/3 inactivation had consequences for tumorigenicity, we performed in vitro oncogenic transformation assays. The frequency of spontaneous transformants was higher in Hsp70. 1/3 Ϫ/Ϫ cells than in Hsp70.1/3 ϩ/ϩ cells (Fig. 8) . To determine the influence of heat on transformation, cells were plated, kept at 37°C for 6 h, heated at 43°C for 30 min, and then incubated again at 37°C for 42 days. Heat treatment did not have any effect on the cellular transformation in Hsp70. 1/3 ϩ/ϩ cells; however, Hsp70.1/3
cells showed an increase in the frequency of transformants (Fig. 8) . When cells were irradiated with 1 Gy, the frequencies of transformed cells increased in cells both with and without Hsp70.1/3; however, Hsp70.1/3 Ϫ/Ϫ cells had a higher frequency of transformants. We further investigated whether heat influences the IR-induced transformation. To determine the influence of heat on IR-induced transformation, cells were treated with heat at 43°C for 30 min and then immediately exposed to 1 Gy (Fig. 8) . Heat treatment had a minimum effect on IRinduced transformation in Hsp70. 1/3 ϩ/ϩ cells, but a significant increase in Hsp70.1/3 Ϫ/Ϫ IR-induced transformants was observed (P Ͻ 0.05). Again, consistent with our previous results, Hsp70.1/3 Ϫ/Ϫ cells had significantly higher transformation frequencies.
DISCUSSION
Across a wide range of species from E. coli to humans, HSP70 is the most highly conserved HSP at the sequence level and displays the largest, most consistent increase in expression following stress (22) . Increased levels of HSP70 protein are cytoprotective (33) . Cells subjected to a nonlethal heat shock increase cellular HSP70 levels, and those levels correlate with a transient resistance to higher, normally lethal temperatures (29) . A review of results suggests that inactivation of either of the two genes (Hsp70.1 and Hsp70.3) results in deficient maintenance of acquired thermotolerance and increased sensitivity to heat stress-induced apoptosis (8, 19, 27) . The synthetic or protein rescue functions of HSP70 are counterbalanced by participation in the ubiquitin pathway that clears the cell of unstable or damaged proteins by proteosome degradation (2) . Because of such functions, HSP70 also influences cell death and the cell transformation process (53) . Consistent with such a function of HSP70, we found that Hsp70.1/3-null mice are lighter in weight and have elevated levels of spontaneous genomic instability. Two possible and not mutually exclusive reasons for the lighter weight of Hsp70.1/3 Ϫ/Ϫ mice could be the loss of cells, increased population doubling time, and/or both. Results described for were subjected to heat treatment at 43°C for 30 min or irradiated with 3 Gy or were first treated with heat at 43°C for 30 min followed by irradiation with 3 Gy, incubated for 18 h postirradiation, and then subcultured, and metaphases were collected. G 1 -type aberrations were examined at metaphase. Categories of asymmetric chromosome aberrations scored included dicentrics, centric rings, interstitial deletions-acentric rings, and terminal deletions. Treatment with heat alone did not induce G 1 -type chromosome aberrations. The frequency of chromosomal aberrations was higher in samples treated with heat and IR than in samples treated with IR only; however, the differences were not statistically significant. (B) Cells in exponential phase were treated with heat at 43°C for 30 min or irradiated with 2 Gy or first treated with heat at 43°C for 30 min followed by irradiation with 2 Gy. Metaphases were harvested after 3 h following irradiation and examined for chromosomal aberrations. The difference between chromatid as well as chromosomal aberrations induced by IR and those induced by heat plus IR is significantly higher in Hsp70.1/3 Ϫ/Ϫ cells (P Ͻ 0.01). (C) Cells in exponential phase were treated with heat at 43°C for 30 min or irradiated with 1 Gy or first treated with heat at 43°C for 30 min followed by irradiation with 1 Gy. Metaphases were harvested after 1 h following irradiation and examined for chromosomal aberrations. The differences in chromosomal aberrations between samples treated with IR and those treated with heat-IR are not statistically significant. ecules of the cell cycle control systems, including p53, Cdk4, pRb, p27/Kip1, cMyc, Wee-1, and some others, which affect cell growth (7, 17, 23) . Cell growth is also affected by several other factors e.g., defective telomere metabolism (35) . HSP70 is known to interact with TERT, which is involved in telomere metabolism (10) . There is recent evidence that telomerase may have functions other than the synthesis of telomeric repeats of the G strand (47) . Ectopic expression of TERT prevents replicative senescence in several cell types including fibroblasts and epithelial cells (3, 34, 49, 52) . It may also exert an antiapoptotic action at an early stage of the cell death process prior to mitochondrial dysfunction and caspase activation (12) . It has been proposed previously that telomere shortening during human replicative aging generates antiproliferative signals which mediate p53-dependent G 1 arrest as observed in senescent cells (50) . In support of this idea, Wong et al. (51) reported that telomere dysfunction in mTerc-null mice impairs DNA repair and subsequently leads to cell growth arrest. Goytisolo et al. (14) reported radiosensitivity of the late-generation telomerase-KO mice. Choi et al. (6) demonstrated that telomerase expression suppresses senescence-associated genes in Werner syndrome cells. Sharma et al. (47) reported that hTERT interacts with the telomeres, influences the interaction of telomeres with the nuclear matrix, and leads to transcriptional alteration along with increased genomic stability and enhanced DNA repair. Thus, some of the effects of TERT and HSP70 seem to be similar. Present results clearly demonstrate that the inactivation of Hsp70.1/3 does influence telomerase activity, as Hsp70.1/3 Ϫ/Ϫ cells have 2.5-fold-less telomerase activity than do Hsp70.1/3 ϩ/ϩ cells. Cells deficient in Hsp70.1/3 also showed loss of telomeric signals as well as chromosome end associations, which are known to contribute to the genomic instability.
In addition to HSP70's unique function in protecting the cells from stress-related damage, HSP70s have attracted attention in the cancer field by their aberrant expression in most human tumors in general and physically interacting with cellular proteins of vital biological importance including tumor suppressors like p53 (7) . Although it is well established that tumor cells have a higher expression of HSP70, the present results suggest that the lack of such expression leads to genomic instability and higher IR-induced cell killing, both phenomena which are linked with oncogenic transformation. Consistent with such a hypothesis, Hsp70.1/3 Ϫ/Ϫ cells have a higher frequency of oncogenic transformation, suggesting that the absence of such gene products is essential to suppress tumor formation. Interestingly, the results presented here suggest a correlation between the negative effects of Hsp70.1/3 on reduced telomerase activity with telomere instability and reduced growth potential as well as increased radiosensitivity. While it is likely that these different effects are the result of inactivation of Hsp70.1/3 and, therefore, of independent origin, it remains possible that interference with DNA repair and telomere functions could contribute to the overall growth defects. The chromosomal end-to-end associations with telomeric sequences at the fusion points could reflect an inhibition of the TRF2 protein, and the resulting end-to-end association of chromosomes may induce cell cycle arrest and genomic instability. Therefore, we suggest that the overall growth phenotypes and radiosensitivity observed in Hsp70.1/3-null cells may be the result of a combination of effects. Thus, our results show that inactivation of Hsp70.1/3 influences cell growth as well as cell survival after IR treatment, telomere stability, chromosome repair, and oncogenic transformation. These observations are consistent with a model that predicts that Hsp70.1/3 have a critical role in stress response. We therefore propose that Hsp70.1/3 can play a critical role during the process of oncogenesis. Further experiments are required to determine the specific contributions of Hsp70.1/3 in the DNA damage repair process.
